Abstract. Improving measurements of water vapour in the lower stratosphere and upper troposphere (UTLS) is a priority for the atmospheric science community. In this work, UTLS water vapour profiles derived from Atmospheric Chemistry Experiment (ACE) satellite measurements are assessed with coincident ground-based measurements taken at a high Arctic 20 observatory at Eureka, Nunavut, Canada. Additional comparisons to satellite measurements taken by AIRS, MIPAS, MLS, SCIAMACHY, and TES are included to put the ACE-FTS and ACE-MAESTRO results in context.
this observational need. Comparisons to ground-based observations offer an opportunity to assess the accuracy of satellite measurements.
The objective of this study is to assess the Arctic water vapour profiles retrieved from Atmospheric Chemistry Experiment (ACE) satellite observations using comparisons to coincident measurements taken at a Canadian high Arctic observatory in 20 Eureka, Nunavut. In addition, other satellite instruments with Eureka-coincident water vapour profile measurements are compared to put the ACE results in the context of the broader effort to measure water vapour from satellites. This study adds to earlier work that has compared ground-based FTIR measurements to ACE v3. 5/3.6 (e.g., Griffin et al., 2017) and studies comparing ACE measurements to those of other satellites (e.g., Sheese et al., 2017) . Due to the vertical sensitivity of the available Eureka reference measurements, and the importance of this region for understanding factors influencing the 25 atmosphere's radiative balance, the focus of this work will be on altitudes of the UTLMS, i.e., altitudes between 5 and 15 km.
This study is structured as follows. Section 1 introduces the motivation for UTLS water vapour measurements and describes the ground-based measurement site. Section 2 describes the instruments and datasets used in the study. Section 3 compares the satellite and ground-based measurements, noting the methods used to match observations and account for different vertical sensitivities. Section 4 discusses the results of the comparisons. Section 5 offers conclusions about the ability of the ACE and 30 other satellite datasets to contribute to our knowledge of high Arctic water vapour and comments on the implications for future research.
extensive characterization of atmospheric conditions at the site.
Many polar-orbiting and limb-viewing satellites commonly have overpasses with Eureka. As a result, measurements taken at PEARL have contributed to many validation studies, e.g. of ACE (Griffin et al., 2017) , MOPITT (Buchholz et al., 2017) , OCO-2 (Wunch et al., 2017) , and OSIRIS (Adams et al., 2012) . 20
Instruments
This section presents the water vapour datasets from Eureka ground-based instruments and Eureka-coincident satellite instruments that are used in this study. Table 1 summarizes the available datasets, notes the technique, retrieval version, and how often measurements are taken. Figure 1 illustrates the temporal availability of atmospheric water vapour measurement from each instrument. Figure 2 illustrates the vertical ranges of the datasets. 25
Radiosondes
Radiosondes are launched by the EWS twice a day (11:15 and 23:15 UT) using hydrogen-filled balloons. Occasionally, additional radiosondes are launched at other times of day for campaigns. The balloons typically reach the middle of the stratosphere (i.e., 30-33 km) before bursting.
The EWS used Vaisala-built RS92 radiosonde models during the timeframe examined in this study. These sensors are widely 30 used by meteorological stations around the world. RS92 relative humidity (RH) measurements are made using thin-film capacitance sensors. The variable of interest for this study is volume mixing ratio (VMR) in parts per million by volume (ppmv). RH measurements from the radiosondes can be converted to mixing ratio using:
where RH is the relative humidity, T and P are the temperature and pressure at a given altitude (z), and es is the temperaturedependent saturation vapour pressure of water vapour with respect to liquid water. The es equation of Hyland & Wexler (1983) 5 is used for consistency with Vaisala humidity measurement calibration (Miloshevich, 2006) .
As the balloon rises through the atmosphere, there comes a point where the humidity sensor can no longer report a meaningful value. Limiting the radiosonde humidity measurements to below the tropopause height (TPH) or a typical tropopause value usually ensures that only physically meaningful observations are used; however, this potentially removes valid and useful information. 10
Eureka radiosonde humidity profiles often have clear structure and information about water vapour above the tropopause, which is typically between 8 and 12 km. Miloshevich et al. (2009) found that the tropopause is not a limiting factor for RS92 humidity measurements, and reported close agreement between bias-corrected radiosonde and frostpoint hygrometer (FPH) profiles at temperatures below -70˚C and below mixing ratios of 5 ppmv. They recommended limiting radiosondes to pressures greater than 100 hPa during daytime and 75 hPa at night. The mean altitude at which the atmosphere above Eureka has a 15 pressure of 100 hPa is 16.01 km (σ = 0.47 km), based on radiosonde measurements between 1961 and 2017. We limit radiosonde humidity measurements to altitudes below 15 km for this study as a quality control measure. RS92 humidity measurements are also known to be affected by solar heating and low temperature calibration error dry biases, as well as errors due to sensor response lag (Vömel et al., 2007a; Miloshevich et al., 2009) . The dry bias caused by solar heating of the sensor is not significant in Eureka during winter due to the lack of sunlight; however, it can affect measurements 20 during the sun-lit portion of the year. The calibration error and time-lag error affect low temperature measurements, and are relevant for Eureka conditions. To correct for known biases in a consistent, transparent, and well-documented manner, Eureka radiosonde measurements have been processed with software developed by the GRUAN, described by Dirksen et al. (2014) .
Eureka is not a formal GRUAN-participating site and the data are not a formal GRUAN data product; however, available raw Eureka radiosonde measurement files were processed by the GRUAN team for use in this study. This processing also calculates 25 uncertainties for reported values and recovers flight details (e.g., latitude, longitude). Only raw files between September 3, 2008 and October 7, 2017 were available for processing. Minor gaps within that timeframe exist. In total, 5515 radiosonde profiles which have been processing using GRUAN methodologies are available for Eureka. They have been quality controlfiltered to remove any profile with 'rejected' status.
In the troposphere, the uncertainty of Eureka radiosonde water vapour mixing ratio profiles are typically 3 to 5%. In the LMS, 30 the uncertainty varies from profile-to-profile, ranging from 3% to above 50%. Uncertainty in the water vapour mixing ratio, calculated by propagating uncertainties in Equation 1 by quadrature, is dominated by the relative humidity uncertainty.
Temperature measurement uncertainties are typically a few tenths of a degree. Pressures similarly have uncertainties on the order of tenths of a hPa. There are occasionally thin dry layers in the middle troposphere that have larger humidity uncertainty.
These profile elements are kept. If there are sections of the profile larger than 500 m in the troposphere with high uncertainty values, the entire profile is filtered out. 5
In the lower stratosphere, the profile reaches a point where the uncertainty increases rapidly. This point changes from profileto-profile. We limit each individual water vapour profile to the altitude where this rapid increase in uncertainty occurs by finding where the uncertainty first reaches 20%. This is typically a few kilometres above the tropopause. Thus, each radiosonde profile has a different altitude range, depending on the height reached by the balloon and the uncertainty of the measurements.
The mean altitude reached by the filtered profiles is 11.3 km (σ = 4.4 km). 10
Once launched, radiosonde balloons drift away from the site due to winds. The radiosondes used in this study stayed within a mean distance of 29.8 km (σ = 16.5 km) from Eureka while under 15 km altitude. The mean time to reach 15 km altitude was 54.4 minutes (σ = 6.2 minutes).
PEARL 125HR
The Bruker-made IFS 125HR FTIR spectrometer used for this study is located at the Ridge Lab. Installed in July 2006, the 15 125HR records high-resolution (0.0035 cm −1 ) mid-infrared (MIR) solar absorption spectra in the framework of the Network for the Detection of Atmospheric Composition Change (NDACC) (Batchelor et al., 2009) . Because this technique relies on sunlight, measurements require clear-sky conditions. Due to PEARL's 80˚ N latitude, there are no 125HR measurements from mid-October to mid-February (i.e., during Polar Night). Even in mid-summer, the high latitude FTIR spectrometer measurements occur at relatively large solar zenith angle (SZA). The minimum SZA at Eureka is 56.5°. This measurement 20 geometry means that the 125HR typically samples the atmosphere south of the Ridge Lab. During the 24-hour sunlight of Polar Day, during the high Arctic summer, the Sun's position is north of the instrument during what is usually night. However, 125HR measurements are not made overnight due to on-site operator limitations and the lack of an automated shut down trigger in the case of problematic weather.
The 125HR water vapour dataset used in this study was produced using the retrieval technique summarized in Schneider et al. 25 (2012) and Barthlott et al. (2017) , as part of the MUlti-platform remote Sensing of Isotopologues for investigating the Cycle of Atmospheric water (MUSICA) project. MUSICA uses the existing NDACC FTIR spectrometer observations to produce precise and accurate measurement of water vapour isotopologues. This process applies an Optimal Estimation technique based on Rodgers (2000) and the PROFITT retrieval code of Hase et al. (2004) using a combination of strong and weak absorption features on a logarithmic scale. The accuracy of the MUSICA water vapour profiles is about 10% (Schneider et al., 2016) . The 30 sensitivity of the retrieval to the atmosphere (i.e., the sum of the averaging kernel rows) varies seasonally due to the dependence on the SZA. The retrieval is typically sensitive throughout the troposphere (i.e., sensitivity above 0.9) and there is some sensitivity in the lower stratosphere (e.g., sensitivity above 0.5). The MUSICA retrieval's sensitivity to the lower stratosphere is maximum during March, which is also when ACE coincidences occur with Eureka. The mean degrees of freedom for signal (DOFS) of the Eureka MUSICA retrievals is 2.9. The vertical sensitivity of the MUSICA retrieval is illustrated by Figures 2,   3 , and 4 in Barthlott et al. (2017) and that for the MUSICA retrieval at the Eureka site is illustrated by Figure 4 in Weaver et al. (2017) . 5 MUSICA ground-based FTIR products nominally exclude measurements recorded at SZAs greater than 78.5°. This filter has been removed for this study. Due to Eureka's high-latitude location, this filter removes all measurements between February and the end of March, as well as between September and mid-October. A study of the MUSICA water vapour total column dataset derived from the PEARL 125HR showed that the SZA limit was likely unnecessarily strict, as agreement did not change between the 125HR and other instruments when the SZA limit was relaxed (Weaver et al., 2017) . Standard quality control of 10 the MUSICA dataset, which was applied to the data used here, is described in detail by Barthlott et al. (2016) .
ACE on SCISAT
The Canadian Space Agency's (CSA's) SCISAT was launched into a high-inclination (74°) 650 km altitude Earth orbit on 
ACE-FTS
ACE-FTS is an FTIR spectrometer built by ABB Inc. It acquires spectra between 750 and 4400 cm -1 at a resolution of 0.02 cm -1 (Bernath et al., 2005) . This series of measurements, taken every 2 seconds, is used to retrieve trace gas profiles between the mid-troposphere and 150 km with a vertical resolution ranging between 3 and 4 km (Boone et al., 2013) . This 25 technique has a horizontal resolution of ~300 km (Bernath, 2017) .
This study uses ACE-FTS v3.6 data, provided on the 1-km altitude grid in water vapour mixing ratio. Measurements with quality control flags identifying outliers, high percent errors, or instrument/processing errors were filtered out, following recommendations in Sheese et al. (2015) . The water vapour retrieval is limited to altitudes between 5 and 100 km.
The validation of an earlier version (v2.2) of ACE-FTS (and to a limited extent, ACE-MAESTRO) water vapour retrievals 30 was examined by Carleer et al. (2008) . They concluded that ACE-FTS measurements provide accurate H2O measurements in the stratosphere (better than 5% from 15-70 km) but expressed no firm conclusions about its water vapour measurements in the upper troposphere. Comparisons to FPH measurements showed a possible small dry bias in ACE-FTS measurements at altitudes near 10 km. Sheese et al. (2017) examined the current ACE-FTS v3.6 H2O product (as well as other molecules) by comparing it with colocated MIPAS and MLS measurements by hemisphere. Correlations between ACE-FTS and MLS were observed to be greater 5 than between ACE-FTS and MIPAS. Their analysis examined stratospheric altitudes, where a mean relative difference in the ACE-FTS water vapour product was observed above 16 km ranging from −12 to 2%. In addition, tight coincidence criteria of 15 minutes and 25 km were applied to examine agreement near the hygropause. A mean dry bias of 20% was observed in ACE-FTS profiles relative to MIPAS v5 and MLS v3.3/3.4 at 13 km altitude.
ACE-MAESTRO 10
ACE-MAESTRO is a dual spectrometer with a wavelength range of 285-1015 nm and a resolution of 1. 5 -2.5 nm (McElroy et al., 2007) . The ACE-MAESTRO water vapour retrieval algorithm produces profiles with an approximate vertical resolution of 1 km, and is described by Sioris et al. (2010) with updates described in Sioris et al. (2016) .
Water vapour profiles are retrieved from ACE-MAESTRO optical depth spectra. The tangent height registration of the optical depth spectra relies on matching simulated O2 slant columns obtained from air density profiles, based on ACE-FTS temperature 15 and pressure, with slant columns observed by ACE-MAESTRO using the O2 A band. The water vapour profiles are retrieved on an altitude grid that matches the vertical sampling. Within 500 km of Eureka, ACE-MAESTRO water vapour profiles include altitudes ranging between 4 and 25 km.
The ACE-MAESTRO dataset is sparser than the ACE-FTS dataset for two main reasons. ACE-MAESTRO pointing determination requires the existence of ACE-FTS data, so the available ACE-MAESTRO occultation events are a subset of 20 the ACE-FTS occultations. In addition, ACE-MAESTRO ozone is a necessary input to the ACE-MAESTRO water vapour retrieval. The ACE-MAESTRO ozone retrieval fails occasionally, causing most of the measurements missing from the ACE-MAESTRO water vapour product relative to ACE-FTS product.
Aqua
The U.S. National Aeronautic and Space Administration (NASA) launched the Aqua satellite into a 705 km altitude Sun-25 synchronous near-polar orbit on May 4, 2002. Aqua's orbit has a 1:30 pm equatorial crossing time and an inclination of 98.2°.
It is part of the A-Train constellation of Earth observation satellites. The primary mission of Aqua instruments is to study the atmospheric component of the global water cycle (Parkinson, 2003) .
AIRS
The AIRS instrument is a hyperspectral thermal infrared grating spectrometer on board Aqua. Its detector observes Earthemitted radiance from a nadir-orientation using 2378 channels between 3.7 and 15.7 µm. AIRS acquires an enormous number of measurements, collecting about three million spectra per day (Chahine et al., 2006) . AIRS water vapour retrievals have been used to study processes such as the water vapour feedback (Dessler et al., 2008) , to 5 evaluate climate models (Pierce et al., 2006) , and to improve numerical weather forecasting (Chahine et al., 2006) . AIRS aims to produce dense global measurements of temperature and humidity at an accuracy comparable to radiosondes. This study uses level 2 AIRS retrieval v6 data, described in detail by Susskind et al. (2003 Susskind et al. ( , 2014 . The standard temperature product contains 28 pressure levels, while the standard water vapour product has 15 pressure levels from 1100 to 50 hPa (e.g., between the surface and approximately 20 km in altitude near Eureka). 10
Only altitudes that meet the "best" level of quality are used for this study, following the guidelines in the AIRS v6 user guide (Olsen et al., 2017) . The altitude range for which AIRS profiles are available varies significantly, with fewer passing the quality control filter at low-tropospheric altitudes. The AIRS retrieval is insensitive to water vapour layers with less than 0.01 mm of integrated water vapour. This approximately translates to water vapour abundances less than 15 ppmv (Olsen et al., 2017) , typically affecting profile elements above 15 km near Eureka. AIRS is also limited to altitudes with pressures greater 15 than 100 hPa, and has diminishing sensitivity at altitudes with pressures less than 300 hPa (approximately 9 km near Eureka) (Olsen et al., 2017) . As mentioned in the discussion of the radiosondes' altitude range, 100 hPa occurs at approximately 16 km in altitude above Eureka. The relative abundance of AIRS profiles ensures measurements are nonetheless available for comparisons.
Aura 20
NASA's Aura satellite was launched into a near-polar Sun-synchronous 705 km orbit on July 15, 2004 . It is part of the A-train constellation of Earth observing satellites, orbiting 15 minutes behind Aqua. Aura's orbit has a 98.2° inclination and an equatorial crossing time near 1:45 pm local solar time. Instruments aboard Aura, such as the Microwave Limb Sounder (MLS) and TES, study atmospheric chemistry and dynamics.
MLS 25
MLS measures radiation emitted from the atmosphere from a limb-viewing geometry. The atmosphere is scanned twice each minute as the satellite progresses through an orbit that offers a nearly global coverage, between 82˚ N and 82˚ S. MLS measurements have been used to assess ACE as well as other satellite measurements, e.g., Hegglin et al. (2013) and Sheese et al. (2017) . This study uses MLS v4.2 data.
MLS water vapour profiles are vertically resolved at pressures less than 383 hPa, with a vertical resolution ranging between 30 1.3 and 3.6 km from 316 to 0.22 hPa (Livesey et al., 2016) . At Eureka, MLS's lower altitude limit of 316 hPa corresponds to altitudes near 8 km. MLS water vapour profiles agree within 1% of FPH measurements in the stratosphere, i.e. at p < 100 hPa (Hurst et al., 2014) . Hurst et al. (2016) showed that agreement between MLS v4.2 and the FPH measurements began to diverge in 2010 at a rate of approximately 1% per year. At 215 hPa and 316 hPa, MLS v1.5 was observed to have a dry bias of 11 to 23% relative to 10 geographically dispersed FPH measurement sites (Vömel, 2007b (Herman and Osterman, 2014) . Measurements were further limited to between 30° S and 50° N in spring 2010. However, high latitude measurements were taken in July 2011 as part of a special observation set.
TES retrieval v6 is used for this study. It is based on an optimal estimation non-linear least-squares approach described by Bowman et al. (2006) . The vertical information content of TES profiles varies; retrievals with less than 3 DOFS are filtered 15 out. In the subset of measurements examined in this study, TES DOFS range between 3.0 and 5.2. At polar latitudes, the vertical resolution is approximately 11.6 km between 400 and 100 hPa and 6.0 km between 1000 and 400 hPa (Worden et al., 2004) .
Comparisons between TES v5 water vapour and global radiosonde measurements have shown a wet bias of 15% in the middle troposphere (Herman and Kulawik, 2013) . Shephard et al. (2008) compared TES water vapour v3 with radiosondes, finding a 20 wet bias in TES retrievals of between 5% in the lower troposphere and 15% in the upper troposphere.
EnviSat
The European Space Agency (ESA)'s Environmental Satellite (EnviSat) was a large platform for Earth observation 
MIPAS
MIPAS is an FTIR spectrometer that observes mid-infrared atmospheric emission from a limb-viewing geometry Results suggest MIPAS v4 water vapour might be 20-40% wet biased around 10 km.
SCIAMACHY
SCIAMACHY is an imaging spectrometer that has limb, nadir, and occultation viewing modes (Bovensmann et al., 1999) .
Limb measurements of scattered sunlight are the basis for the Institut für Umweltphysik (IUP) v3.01 and v4.2 water vapour 20 retrievals used in this study. Both retrieval versions cover the same temporal range. It is based on the optimal-estimation approach described by Rodgers (2000) using a first-order Tikhonov constraint. The vertical resolution is approximately 3 km.
The retrieval calculates a scaling factor for the tropospheric water vapour profile; altitudes below 10 km are not recommended for use and are not used here. The details of this retrieval are described in Weigel et al. (2016) for v3.01. For v4.2 several changes were implemented first of all to improve the aerosol correction and the vertical resolution. Additionally, v4.2 uses all 25 appropriate SCIAMACHY measurements, v3.01 only a subset. One issue for limb sensing is the number of cloud free scenes. This is limited by the sampling approach, which was constrained by the data rate available on Envisat. Weigel et al. (2016) compared MIPAS v3.01 to MIPAS v5, MLS v3.3 , and other satellite datasets, in 30° latitudinal bands.
Results showed SCIAMACHY limb measurements between 10 and 25 km in altitude were reliable between 11 and 23 km, and accurate to about 10% between 14 and 20 km. Below 14 km, differences with other datasets increase to up to 50%, showing 30 a possible SCIAMACHY v3.01 wet bias, which is most pronounced in the tropics and least in the polar latitudes.
Comparison of water vapour measurements
Water vapour profiles from ACE-FTS, ACE-MAESTRO, AIRS, MIPAS, MLS, SCIAMACHY, and TES were compared with Eureka radiosonde and PEARL 125HR measurements following the methodology described below. Two ground-based reference measurements are used in this study to maximize comparisons with available satellite measurements. The radiosondes provide profiles at high vertical resolution; however, they had few or no coincidences with MIPAS, 5 SCIAMACHY, and TES. The 125HR, while having more limited vertical resolution, had coincident measurements with all satellite datasets used in this study.
Method
Coincident profile measurements have been compared using difference and correlation plots. Absolute differences and percent relative differences are calculated using: 10
where X is the satellite measurement and Y is the reference measurement, e.g., 125HR or radiosondes.
To show the overall agreement observed between the measurements, the absolute and percentage means of coincident profile differences are calculated, i.e., using: 15
and 
Coincidence criteria
A three-hour temporal coincidence criterion was used for all comparisons and applied in two ways. Firstly, if multiple coincidences were found within this interval, only the closest pair was kept. Each pair of coincident measurements is thus independent of others contributing to the overall assessment of different measurement techniques. This method often results in a smaller time difference between measurements than is otherwise permitted by the criterion. The comparisons were also 5 performed using all possible coincidences within this criterion. While increasing the number of matches, in some cases significantly, the observed agreement between instruments was similar to that for the first method, which is summarized in Table 2 and Table 3 . Results using the first method are discussed below. Results of comparisons where all possible coincidence pairs are used are available in Supplementary Tables 1 and 2. A 500 km spatial coincidence criterion was also applied. The spatial criterion is similar in scale to the horizontal area covered 10 by a limb-viewing satellite measurement. When calculating the distance between PEARL and an ACE observation, the 30 km (calculated geometrically) tangent height of the ACE measurement was used as the satellite measurement's position. This approach has been used for validation, e.g., Fraser et al., 2008.
The difference in measurement geometries, and the long path of a limb-viewing measurement in particular, can result in ACE-FTS measuring a different airmass than the 125HR and radiosondes. Fig. 3 illustrates the variation of water vapour abundances 15 in the region around Eureka using AIRS measurements at 400 hPa (corresponding to altitudes between 6.1 and 7.5 km, with a mean altitude of 6.7 km and a standard deviation of 0.2 km) for two sample months, March and July, in a representative year (2015) . Variability in the water vapour abundances in the region around Eureka is seen to be larger in the summer than in the winter. October resembles the results shown for March.
Smoothing 20
When comparing satellite profiles with the PEARL 125HR, the comparison instrument's profile was smoothed by the MUSICA averaging kernel of the 125HR measurement to account for the vertical resolution differences between the instruments. The procedure for smoothing followed Rodgers and Connor (2003) :
where xa is the MUSICA a priori profile, x is the comparison instrument profile, and A is the averaging kernel matrix. Since 25 the MUSICA water vapour retrievals are performed on a logarithmic scale, the smoothed profile is calculated using:
where , , and are in loge space.
Before smoothing, the satellite profile was interpolated to the MUSICA retrieval grid and the MUSICA a priori profile was used to fill gaps in the comparison profile (e.g., altitudes beneath the lower limit of satellite measurements). After smoothing, 30 altitudes for which there were no original data were removed. Altitude-specific comparisons between satellite measurements and the FTIR are thus presented on the MUSICA retrieval grid, e.g., 6.4 km, 8.0 km, and 9.8 km.
When comparing satellite measurements to the radiosonde profiles, radiosonde profiles were smoothed using the satellite's averaging kernels where possible, i.e., for SCIAMACHY and TES, following the same procedure described for the 125HR. MIPAS retrievals do not use an a priori profile, so the smoothed radiosonde profile is calculated using: 5
In the cases of ACE-FTS, ACE-MAESTRO, AIRS, and MLS, the radiosonde profiles have been smoothed using Gaussian weighting functions with a full width half maximum (FWHM) that approximates the vertical resolution of the satellite measurement. This procedure is used because ACE instruments do not have averaging kernels. MLS has an averaging kernel for use in the polar regions; however, the user's guide states that the use of the water vapour averaging kernel at the lowest 10 valid altitude levels (i.e., lower stratosphere at 316 hPa and 262 hPa) is not recommended (Livesey et al., 2016) . Since these altitudes are of particular interest to this study, the MLS averaging kernels are not suitable. AIRS also has averaging kernels, distributed in supplementary data files; however, the AIRS averaging kernels only capture the information added during the final physical retrieval, but not the information extracted from the AIRS radiances during the neural network step. We use the width of the AIRS weighting functions to estimate a Gaussian smoothing width that generally overestimates the amount of 15 smoothing. Thus, weighting functions are used in these cases as a reasonable approximate method of smoothing the vertical resolution of these profiles.
To create weighting functions, first, Gaussian functions are calculated using:
where FWHM is the full-width half-maximum, z is the new low-resolution grid point, zo are the original altitude levels. 20
Weighting functions were calculated by sampling the GF at the original radiosonde measurement altitude levels and normalizing the GF so that the total weight assigned to all profile elements is equal to one. The weighting functions are different for each pair of coincident profiles because the vertical sampling of each radiosonde profile varies.
Lastly, the vertical resolution of radiosonde water vapour VMR profiles were downgraded using the weighting functions (wf):
25
An example of weighting functions used to align the radiosonde measurement with the approximate vertical resolution of ACE-FTS is shown in Figure 4 (a) . Fig. 4 (b) shows an example of a radiosonde profile before and after smoothing. Weighting functions with a FWHM equal to 3.0 km have been used to approximate the vertical resolution of ACE-FTS, while comparisons to ACE-MAESTRO, AIRS, and MLS used weighting functions with a FWHM of 1.0 km.
Comparison results
Differences between individual coincident profiles were calculated. The means of those differences are presented. When reporting a mean agreement in the text, ± values refer to the standard error in the mean (SEM). Profile results are presented, as well as comparison results at select altitude levels. Results between the satellites and the 125HR at 6.4 km are highlighted because the 125HR has very good sensitivity at that altitude, and this is near the lowermost altitude reached by the ACE 5 measurements. Comparison results between the satellites and the radiosondes are highlighted at 10 km because radiosondes have sensitivity at that altitude and this is the lowermost altitude of other comparison studies, e.g., Sheese et al. (2017) , and it is near the lower limit of many satellite datasets.
Some combinations of instruments did not have significant overlap in time, location, or vertical sensitivity. MIPAS and the radiosondes had no coincidences due to a mismatch in the time of day of the measurements as well as the quality control 10 filtering. The temporal ranges of the TES and radiosonde datasets did not overlap. SCIAMACHY did not have any coincidences with the radiosondes, unless the coincidence criterion was expanded to 6 hours. Even then, only 8 matches were found. SCIAMACHY and the 125HR had 201 coincidences; however, SCIAMACHY is limited to altitudes above 10 km, where the 125HR has limited sensitivity.
Ground-based reference measurements 15
As illustrated in Fig. 5 , comparison between the 125HR and 137 coincident radiosonde profiles smoothed by 125HR averaging kernels shows agreement within 5% between 8 and 14 km; the 125HR has a wet bias relative to the radiosonde profiles below 8 km of approximately 8% (with closer agreement below 2 km). This is similar to the 6% wet bias in the PEARL 125HR total columns relative to the Eureka radiosondes reported by Weaver et al. (2017) . If all possible coincident pairs are used, rather than limiting comparisons to unique pairs, the number of contributing matches increases to 270 and the agreement is very 20 similar.
ACE-FTS
76 pairs of coincident ACE-FTS and PEARL 125HR measurements show close agreement. Between 6 and 9 km agreement was within 9 ppmv and 13%; between 8 and 14 km, agreement is within 1.4 ppmv and 10%. Full profile comparisons are shown in Fig. 6 . The mean difference of 18 coincident profiles at 6.4 km was −6.3 ± 8.4 ppmv (0.2 ± 6.8%); the time series of 25 differences at 6.4 km are shown in Fig. 7 . At 8.0 km, 46 coincident measurements agreed to within 1.4 ± 2.6 ppmv (7.2 ± 6.6%). Differences at 8.0 km are illustrated in Fig. S1 (a) . Correlation plots at 6.4 km, 8.0 km, and 9.8 km are presented in Fig. 8 . Between 6 and 14 km, correlation coefficients (R) are between 0.48 and 0.80. Expanding the time criterion to 6 hours nearly doubles the number of coincidences but results in similar agreement. Overall, relative to the 125HR, ACE-FTS shows a wet bias between 8 and 14 km of 7 to 10% and small differences of approximately 10 ppmv (2%) near 6 km (Fig. 6) . 30 alongside results from other comparisons. These differences are also shown in Fig. S2 , where ACE-FTS and ACE-MAESTRO comparison results are presented without other satellites for easier reading. Between 7 and 11 km, differences are within 6 ppmv (12%). At 6 km, ACE-FTS and radiosonde profiles mean differences are −13.3 ± 12.1 ppmv (22.8 ± 9.2%).
Differences at 10 km, −5.4 ± 2.0 ppmv (−9.1 ± 6.9%), are shown in Fig. 10 (a) . Differences at 6 km and 8 km are illustrated 5 in the supplementary materials, Fig. S3 (a) and Fig. S4 (a) . Correlation plots at 6.4 km, 8.0 km, and 9.8 km are shown in Fig. 11 . Correlation coefficients between 6 and 12 km range between 0.52 and 0.94.
In addition, comparisons have been done between the ACE-FTS using AIRS as a reference. Differences at 10 km were −1.5 ± 0.3 ppmv (−6.1 ± 1.7%), increasing at lower altitudes to −17.0 ± 3.7 ppmv (39.6 ± 4.3%) at 6 km. Correlation coefficients for altitudes between 6 and 12 km were between 0.62 and 0.81. Correlation plots of ACE-FTS vs. AIRS at 6, 8, 10
and 10 km are shown in Fig. 12. 
ACE-MAESTRO
27 coincident measurements found between ACE-MAESTRO and the PEARL 125HR show agreement within 12 ppmv (7%) between 6 and 8 km and within 3 ppmv (12%) between 9 and 14 km. Overall, between 6 km and 14 km, ACE-MAESTRO shows a dry bias of approximately 10% relative to the 125HR (Fig. 6) . Examining the agreement at specific altitudes in the 15 middle and upper troposphere shows scatter around the zero line, illustrated in Fig. 7 and Fig. S1 .
103 coincident ACE-MAESTRO and radiosonde profiles were found with overlap between 5 and 11 km. Mean differences were large at 5 km, e.g., −84.0 ± 121.1 ppmv (123.4 ± 71.1%). Percent differences oscillate around −10% between 7 and 10 km. At 8 km, ACE-MAESTRO had 90 coincidences with the radiosondes, with differences of −16.3 ± 8.7 ppmv (−7.6 ± 9.4%), shown in Fig. S4 . At 10 km, absolute and relative mean differences were −2.6 ± 3.2 ppmv (−5.9 ± 10.9%), 20 respectively, shown in Fig. 10 .
In addition, comparisons have been done between the ACE-MAESTRO using AIRS as a reference. Differences at 10 km were −0.7 ± 0.9 ppmv (−10.5 ± 3.7%), decreasing at lower altitudes to −13.7 ± 7.5 ppmv (69.9 ± 13.5%) at 6 km. Correlation coefficients for altitudes between 6 and 12 km were about 0.45. Correlation plots of ACE-MAESTRO vs. AIRS at 6, 8, and 10 km are presented in Fig. 12.  25 
Other satellite measurements vs. ground-based references AIRS
Close agreement was observed between 3189 coincident AIRS and 125HR measurements and between 2489 coincident AIRS and radiosonde profiles. AIRS profiles agree with the 125HR within 5% between 1 km and 14 km, as shown in Fig. 6 . A mean difference of −9.7 ± 3.5 ppmv (−1.6 ± 1.5%) was observed between AIRS and 125HR measurements at 6.4 km, where both 30 instruments have good sensitivity. This is shown in Fig. 7 (b) . In the mid-troposphere, agreement is within 4%. Correlation coefficients at all altitudes are above 0.84. Correlation plots for AIRS vs. 125HR at 6.4, 8.0, and 9.8 km are shown in Figure 8 .
Mean agreement within 5% is observed between AIRS and the radiosondes between 1 and 7 km, as shown in Fig. 9 .
Differences as large as 13% are observed between 8 km and 14 km. Differences at 10 km are shown in Fig. 9 (b) , where scatter around zero is seen. As well, the time series of differences shows a potential seasonality to the agreement, with a low (dry) 5 bias maximum in summer. Tightening the coincidence criteria to 2 hours and 25 km significantly reduces the number of matches, with 45 contributing to comparisons at 1 km and 1255 contributing to comparisons at 8 km. Results from these tighter matches show differences of less than 4% between 2 and 7 km, with slightly larger differences at 1 km. Differences remained similar between 8 and 14 km with these stricter coincidence criteria.
MIPAS 10
MIPAS v5 and v7 comparisons with the PEARL 125HR show a dry bias of approximately 15% in the upper troposphere. At 6.4 km, the lowest altitude available for comparisons with a reasonable number of coincident measurements (N = 64), mean differences using MIPAS v5 were −38.2 ± 11.9 ppmv (−22.4 ± 7.8%). MIPAS v7 showed similar differences as v5 with respect to the 125HR at 6.4 km, i.e. −46.9 ± 11.2 ppmv (−25.3 ± 5.9%). The time series of differences between the 125HR and MIPAS datasets at 6.4 km is illustrated in Fig. 7 (c) , showing large scatter. Correlation at 6.4 km was moderate (R = 0.50). Between 7 15 and 14 km a good correlation was observed for both retrieval versions (R > 0.81). Agreement improves between 7 and 10 km.
MIPAS v5 reaches a mean difference of −3.6 ± 0.4 ppmv (−10.1 ± 1.1%) at 9.8 km. Above 10 km, differences are small, better than 2 ppmv and 7%.
No MIPAS measurements were coincident with radiosondes. In part due to the partial overlap of the datasets (September 2008 to April 2012), and also because MIPAS only had Eureka coincidences during mid-day and mid-night, limiting matches within 20 3 hours of radiosonde launches.
If AIRS is used as a reference, MIPAS v5 and v7 have hundreds or thousands of matches for comparison at each altitude level.
The results show that MIPAS has a dry bias relative to AIRS of approximately 15% between 6 and 10 km, comparable to the 125HR results.
MLS
Relative to the 125HR, an MLS dry bias is observed in the UTLMS, where mean differences range from −8.8 ± 0.4 ppmv (−18.6 ± 0.8%) at 8.8 km to −0.0 ± 0.0 ppmv (−42.8 ± 17.8 ppbv; −0.3 ± 0.4%) at 13.6 km. This can be seen in Fig. 6 . At 9.8 km, mean differences between 2443 coincidences were −4.8 ± 0.2 ppmv (−12.5 ± 0.6%); at 12.0 km, mean differences between 2445 coincidences were −0.4 ± 0.0 ppmv (−4.6 ± 0.5%). 30 MLS comparisons with the radiosondes have overlap only between 9 and 13 km; comparisons are shown in Fig. 9 . At altitudes between 9 and 12 km the matched measurements are highly correlated, with R values between 0.83 and 0.92. Comparisons between MLS and radiosondes showed a dry bias at altitudes between 8 and 12 km. At 10 km, MLS had 447 coincidences with radiosonde measurements, with a mean differences of −5.1 ± 1.2 ppmv (−25.6 ± 1.4%). The time series of differences between MLS and the radiosondes at 10 km is shown in Fig. 10 (c) .
SCIAMACHY
SCIAMACHY could be compared only with the 125HR, as its measurements did not have coincidences with the radiosonde 5 dataset used in this study. 201 SCIAMACHY v3.01 and 1506 SCIAMACHY v4.2 profiles had coincidences with the 125HR; however, these are limited to altitudes above 10 km. Profile comparison results are shown in Fig. 6 . For both retrieval versions, a small dry bias is seen with respect to the 125HR at 10.8 and 12.0 km, i.e., 5% for v3.01 and 10% for v4.2. At 13.6 km, mean differences were about 1%.
TES 10
TES shows moderate agreement with the PEARL 125HR, but TES had only a single coincidence with the Eureka radiosonde dataset. The latter is largely because TES had no coincidences with Eureka after September 2008, except for a few during midJuly 2011 (Fig. 1) . As shown in Fig. 6 , 361 TES measurements showed a dry bias relative to the 125HR of approximately 10% in the lower troposphere, a small dry bias (e.g., −1% at 3.0 km) to a small wet bias in the mid-troposphere (e.g., 3.7% at 3.6 km), and a wet bias (e.g. 20 -25%) in the UTLS. The time series of differences at 6.4 km is shown in Fig. 7 (c) , where 15 large scatter is seen, e.g., σ = 75.1%.
Summary of profile comparisons
A summary of comparisons between the satellites and the PEARL 125HR is presented in Table 2 . Table 3 provides a summary of the comparisons between the satellites and the Eureka radiosondes. In addition to the number of measurements, means, standard deviations, and SEMs at each altitude, these tables also include the medians of the differences. If the distance criterion 20 was reduced to 350 km, similar differences were observed, but with a much smaller number of coincident measurements in some cases. There is no apparent temporal trend in the differences between satellite datasets and the Eureka-based reference measurements.
In addition to the comparison results presented in Fig. 6 through Fig. 12 , six figures are presented in the supplementary materials. Fig. S1 shows the time series of differences for the satellite datasets and 125HR at 8 km. Figs. S3 through S5 show 25 differences between the satellite datasets and the radiosondes at 6, 8, and 12 km altitudes. Two addition figures, formatted in the same manner as Fig. 6 and Fig. 9 , show profile comparison results for example days where all satellite datasets had coincident measurements with the 125HR (Fig. S6 ) and with the radiosondes (Fig. S7) .
In some comparisons, e.g., the comparison between AIRS and the radiosondes at 12 km, the reported mean of the absolute differences and percent differences were different signs, e.g., the mean of the absolute differences was negative while the mean 30 of the percent differences was positive. This is the result of reporting the mean of individual comparisons, rather than Since ACE coincidences with Eureka are limited to periods of time when water vapour abundances are relatively similar across the region, the distance criterion is expected to have less impact on the observed agreement than if year-round measurements were compared. Typical March and July water vapour abundances in the area around Eureka are shown in Fig. 3 .
Agreement between both ACE instruments and the Eureka reference measurements was closer than that observed in 25 comparisons conducted by Carleer et al. (2008) , which examined an earlier version of these datasets (e.g. ACE-FTS v2.2) and reported differences on the order of 40% at altitudes lower than 15 km and a possible dry bias at around 10 km altitude. Sheese et al. (2017) reported an ACE-FTS negative bias ranging between 3 and 20% relative to MLS and MIPAS at around 14 km; however, the Sheese et al. analysis involves measurements taken over a broad range of global geographic locations and did not discuss altitudes below 13 km. 30
The ACE-FTS comparisons presented here show a positive (wet) bias of between 7 and 10% relative to the 125HR in the 8 to 14 km altitude range. Relative to the Eureka radiosondes, ACE-FTS shows very close agreement (within 4% or 6 ppmv) in the upper troposphere (7 to 9 km). At altitudes above 10 km, a positive (wet) bias relative to the radiosondes is observed, ranging between 12 and 32%, although this corresponds to very small mean differences, i.e. of about 1 ppmv. If AIRS is taken as a reference, a larger number of coincidences are found and similar results are observed, although with closer agreement around 10 km. These results indicate ACE-FTS offers accurate H2O profiles in the Arctic UTLS region, e.g. down to 7 km. ACE-MAESTRO profiles show a dry bias relative to the 125HR of approximately 10% down to 7 km. Comparisons to the 5 radiosondes also showed a dry bias, ranging from −3% at 7 km to −21% at 11 km. At 6 km and below, large differences between ACE-MAESTRO and the radiosonde profiles are large, as was the case in the 125HR comparison; however, in both cases there are too few coincidences for firm conclusions. Using AIRS as a reference results in hundreds of coincidences and similar results, e.g. similar magnitudes with an increasingly large difference at altitudes below 7 km. ACE-MAESTRO shows weak correlations with the Eureka 125HR and radiosonde datasets in Figs. 8 and 11 . However, this 10 is likely due to the combination of water vapour's variability, seen in the Figs. 8 and 11 correlation plots involving AIRS, and the relatively low number of coincidences found. As shown in Fig. 12 , the number of coincidences and the correlations between ACE-MAESTRO and AIRS are much larger, e.g. N = 233 and R = 0.64 at 10 km, while the differences are similar to other comparisons, e.g., there were large differences at 6 km. In addition, the correlation and best-fit line are impacted by outlier points at low altitudes (e.g., at 6.4 km in the comparison with the 125HR) that influence the overall statistics because of the 15 relatively small number of coincidences at those altitudes. ACE-FTS correlation plots are also affected by outliers.
For both ACE-FTS and ACE-MAESTRO, measurements at altitudes below approximately 5 km are often not possible because ACE's sun-tracker is unable to lock onto the Sun reliably due to cloud effects and refraction (Boone et al., 2005) . This issue may contribute to the larger differences observed at low altitudes. This is especially the case with ACE-MAESTRO, whose retrieval produces profiles extending as low as 4 km with tangent heights determined by extrapolation based on the vertical 20 sampling above 5 km.
AIRS and TES are the only satellite instruments in this study whose measurements are performed in nadir-viewing modes and whose retrieval products reach the lower troposphere. Humidity inversions typically occur near Eureka between 500 m and 2 km in altitude. Sometimes, major structure is seen in the water vapour profile between 2 and 4 km as well. Individual profileto-profile comparisons with the Eureka radiosondes shows AIRS retrievals do not fully capture structure in the humidity 25 inversion feature, explaining much of the individual profile differences at the lowest altitude levels. This is expected because the vertical resolution of AIRS is not always sufficient to resolve these vertical structures (Susskind et al., 2014) . The AIRS user guide warns of occasional 'strange results' in proximity to near-surface humidity inversions, however, the AIRS profiles coincident with Eureka showed no features that were oddly shaped or clearly erroneous. The magnitude of the inversion was often inaccurate or the inversion was not seen in the AIRS profile. This could also be in part due to a geographic or temporal 30 mismatch between the measurements.
Similarly, individual profile-to-profile comparisons with the nearest radiosonde profile show that TES profiles often capture the general shape of the lower tropospheric humidity profiles structure; however, the smoothing operation is not sufficient to bring the measurements into agreement. It is possible that the DOFS of the TES retrieval are overestimated. Where radiosondes from earlier or later in the day reveal a humidity profile with less fine vertical structure, agreement between TES and the 125HR was much closer. 5
Conclusions
This study compared high Arctic UTLS water vapour measurements taken by seven satellite-based instruments with measurements acquired by the Eureka radiosondes and the PEARL 125HR. The focus of the work was to assess the UTLS water vapour retrieved from ACE-FTS and ACE-MAESTRO measurements. The ACE instruments' ability to observe UTLS water vapour is a valuable contribution to global atmospheric monitoring, as its profiles extend to lower altitudes than many 10 other satellite-based measurements, particularly those retrieved from limb-viewing observations. ACE-FTS and ACE-MAESTRO showed good agreement with both the radiosondes and the 125HR in the UTLS. No obvious temporal trend is apparent in the differences. ACE-FTS showed a wet bias of approximately 7 to 10% relative to the 125HR.
An ACE-FTS dry bias of 2 to 9% was observed relative to the radiosondes between 8 and 10 km. While agreement is observed in the upper troposphere, the observed agreement did not reach the 5% accuracy goal set by GCOS. ACE-MAESTRO profiles 15 at altitudes below 7 km had large differences relative to both the radiosondes and the 125HR; between 8 and 10 km, a dry bias between 6 and 18% is observed relative to both the radiosondes and the 125HR. Nonetheless, ACE water vapour measurements showed closer agreement overall with the Eureka reference measurements in the UTLS than did the other satellite datasets examined in this study, with the exception of AIRS.
AIRS water vapour profiles showed close agreement with both the 125HR and radiosonde measurements, i.e. within the 5% 20 GCOS target. The observed accuracy of the AIRS measurements suggests they can be used for analysis of humidity conditions near Eureka. Given the high density and frequency of AIRS measurements, it would be worthwhile to use AIRS measurements to create climatologies of water vapour conditions near the site, and also to examine patterns of water vapour abundances in the region. AIRS data may also be useful for validation studies in cases where radiosonde and 125HR measurements do not offer sufficient numbers of coincident measurements. In addition, global UTLS comparisons between AIRS and ACE water 25 vapour measurements could also be examined to better understand the accuracy of the ACE-FTS and ACE-MAESTRO water vapour datasets.
MIPAS and SCIAMACHY comparisons at altitudes where the data is recommended (i.e., above 10 km) showed agreement within 6% of the 125HR. Coincidences with the radiosondes were not available. At UTLS altitudes where the MIPAS data is not recommended for use, but is included in the publicly available data product, large differences and variability were observed. 30
This supports the recommendation to limit the use of MIPAS v5 and v7 water vapour profiles to 12 km and above. MIPAS v5 and v7 and SCIAMACHY v3.01 and v4.2 comparison results were very similar.
Future work with these satellite datasets could involve an analysis of water vapour abundances in the UTLS across the Arctic, e.g., using ACE measurements. Moreover, the density of measurements and close agreement between AIRS and the Eureka GRUAN-processed radiosonde dataset motivates the use of the AIRS dataset to investigate water vapour abundances across 5 the Arctic throughout the troposphere.
FPH water vapour measurements at Eureka would enhance the ongoing satellite validation work there and enable a valuable reference for PEARL water vapour measurements. FPH measurements would offer improved accuracy as well better coverage throughout UTLS altitudes relative to the radiosondes and 125HR. FPH measurements have been used for the validation of other missions such as MLS (Hurst et al. 2016 ) and MIPAS (Stiller et al., 2012 , using the MOHAVE measurements). Adding 10 FPH measurements would be a useful next step for the comparison and validation of water vapour profiles at Eureka.
Data availability:
The satellite datasets used in this study are available for download through their respective websites. All require registration except TES and MUSICA. However, the dataset used in this study has relaxed the usual solar zenith angle criterion to expand available measurements at the high-latitude site of Eureka. Please contact Dan Weaver (dweaver@atmosp.physics.utoronto.ca) regarding access to this dataset.
Radiosonde data used in this study are owned by Environment and Climate Change Canada and are not currently available 15 online. Please contact Dan Weaver (dweaver@atmosp.physics.utoronto.ca) regarding access to this dataset. 
